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We have calculated a two-dimensional ~2D! potential energy surface ~PES! for H2 interacting with
a Pd~111! surface. The geometry considered is for H2 approaching a bridge site and dissociating into
neighboring hollow sites and the subsurface sites directly below these. Density functional
calculations were performed using both the local density approximation ~LDA! and the generalized
gradient approximation ~GGA!. The LDA PES gives the usual overbinding and shows no barrier
~relative to the bottom of the H2 potential! to subsurface absorption, while the GGA PES agrees with
the experimental adsorption energies and has a large barrier. We have performed quantum
mechanical wave packet calculations on the GGA PES to obtain the direct subsurface absorption
probability. We have also calculated the barrier height’s dependence on a coordinate that can be
associated with a local surface vibrational mode and the results suggest that this degree of freedom
should be taken into account in the dynamical calculations. © 1997 American Institute of Physics.
@S0021-9606~97!01722-4#I. INTRODUCTION
The Pd~111! surface is interesting because both
experimental1–7 and theoretical2,3,8–16 studies show the exis-
tence of a hydrogen absorption site located between the first
and second metal layer. This so-called subsurface site is en-
ergetically more favorable than the bulk site and almost as
favorable as the chemisorption site on the surface. Further-
more; Gdowski, Stulen, and Felter6 claim to have found ex-
perimental evidence for hydrogen absorbing directly into the
bulk, without equilibrating in the chemisorption well. In Ref.
15 a model PES was constructed to describe a hydrogen
molecule dissociatively adsorbing on a Pd~111! surface with
the possibilities that the hydrogen atoms either end up in the
surface adsorption sites or go directly subsurface. Quantum
dynamical calculations were performed on this PES to cal-
culate the probability for direct subsurface absorption. Due
to the model character of the PES and the limitations on the
number of degrees of freedom considered, no clear conclu-
sion on the possibility for direct subsurface absorption could
be drawn. In this study we rectify the first part, presenting a
new PES for this system which is based on density func-
tional theory ~DFT! within the generalized gradient approxi-
mation ~GGA!. We also present some results for Pd and PdH
bulk, investigating the importance of the relativistic correc-
tions for a number of properties. These calculations have
helped us to establish which level of theory should be ad-
equate for the calculation of a PES for H21Pd~111!. Finally,
the calculated PES was used in a wave packet study of the
dynamics of direct subsurface absorption, the results of
which are used to compare with the experimental work of
Ref. 6.9286 J. Chem. Phys. 106 (22), 8 June 1997 0021-9606/97/1
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬The paper is organized as follows. In Section II we give
a short description of the BAND program used in our DFT
calculations. We also give results for bulk Pd and bulk PdH
and compare relativistic and non-relativistic calculations.
Section III presents the new PES and Section IV the results
of quantum dynamical calculations employing this PES. Sec-
tion V concludes.
II. ELECTRONIC STRUCTURE CALCULATIONS
A. Method
All the electronic structure calculations presented in this
work were performed using BAND.17,18 This program solves
the Kohn–Sham equations19,20 self-consistently for a peri-
odic system. Bulk calculations are done using full three di-
mensional translational symmetry, whereas the calculations
in Section III employ a semi-infinite slab geometry with
translational symmetry in two directions. The one-electron
states are either expanded in flexible basis sets of numerical
atomic orbitals ~NAOs! obtained from numerical Herman–
Skillman type calculations,21 Slater-type orbitals ~STOs!, or
a combination of both. There is no need for pseudopotentials
since the frozen core approximation can be used for the core
electrons of the heavier atoms. The matrix elements of the
Hamiltonian are calculated using an accurate Gauss-type nu-
merical integration scheme,22 and the k-space integration can
be done accurately using the quadratic tetrahedron method.23
No shape approximations are made to the potentials. As
shown in Refs. 17 and 18 all the aspects of the numerical
integration scheme in BAND, both in real space and k-space,
are well under control.06(22)/9286/11/$10.00 © 1997 American Institute of Physics
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9287Olsen et al.: Subsurface absorption of hydrogen on Pd
DownloaThe exchange-correlation energy in the LDA is calcu-
lated using the Vosko–Wilk–Nusair formulas.24 The GGA
we use is the Becke correction25 for the exchange energy and
the Perdew correction26 for the correlation energy. The gra-
dient correction is calculated from the self-consistent LDA
density, which has been shown to be an excellent approxi-
mation to the binding energies calculated from the self-
consistent nonlocal density.27 Recently, scalar relativistic
corrections introduced through the ZORA-equation28–30 have
been implemented in BAND.
B. Pd bulk
For the calculation of the lattice constant, bulk modulus,
and the cohesive energy we only need one Pd atom in our fcc
unit cell. This makes the calculations fairly inexpensive and
we can achieve a high accuracy in both the real and k-space
integrations. By performing some test calculations with even
higher accuracy, we have found our chosen settings to carry
an error of less than 0.03 eV with respect to the numerical
integration. The basis set used is a combination of NAOs and
STOs and is shown in Table I. The NAOs are generated from
the 4d95s1 starting configuration we have chosen for the Pd
atom. As has been shown in Refs. 17 and 31 this kind of
basis set has triple zeta quality. Adding a 5g function to the
basis set or making small changes to the exponents of the
STOs changes the energies by less than 0.02 eV, indicating
how close we are to the basis set limit. The frozen core
approximation has been used for orbitals up to and including
3d . All in all our reported values should be very close to the
actual values for the LDA and GGA functionals.
We calculate the energies for 15 different lattice con-
stants. They cover a 20% variation around the experimental
value and are equally spaced. The theoretical lattice constant,
the cohesive energy, and the bulk modulus for the two func-
tionals are found by fitting the 15 values to Murnaghan’s
equation of state.32 Two sets of calculations with 15 points
each are done; one for the non-relativistic limit, the other
including scalar relativistic corrections. The results are given
in Table II.
As noted in several previous papers16,34–38 the non-
relativistic LDA performs quite well. It is the level of theory
presented in this paper that comes closest to the experimental
Pd bulk results. The reason for this is that the well-known
overbinding of the LDA here is compensated by neglecting
relativistic corrections, as is seen from Table II. For both
functionals the lattice constant is contracted by approxi-
mately 2% upon including scalar relativistic corrections.
TABLE I. The basis sets used in the bulk calculations. A NAO is a numeri-
cal atomic orbital obtained from a Herman–Skillman type calculation ~Ref.
21!. An STO is a Slater-type orbital with the given exponent.
Pd H
4s 4p 4d 5s 5p 4 f 1s 2p
NAO yes yes yes yes no no yes no
STO 3.9 2.7 1.5 1.8 1.8 1.5 1.58 1.0J. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬This is accompanied by an increase of 25%–35% in the co-
hesive energy and bulk modulus. The GGA performs well
compared to experiments when scalar relativistic corrections
are taken into account, even though the agreement is not as
good as for the non-relativistic LDA. This will change when
we study PdH bulk in the following.
C. PdH bulk
The hydrogen basis set is given in Table I. Table III
gives the results for the H2 molecule using this basis set in
the two DFT approximations. It is seen that the chosen basis
set gives very good agreement with experiments for the
GGA functional. Next we place a hydrogen atom in the oc-
tahedral site ~see Fig. 1! in the Pd fcc unit cell, the site the
hydrogen is known to occupy from experiments.40–43 The
energies are then calculated for 15 different lattice constants.
As in the Pd bulk calculations they span a 20% range around
the experimental value and are equally spaced. A 3rd order
polynomial fit is used to determine the minimum. This gives
the theoretical lattice constant and the cohesive energy for
the two approximations we consider. By subtracting the cor-
responding Pd cohesive energy from Table II and also sub-
tracting half the binding energy of the H2 molecule from
Table III, we find the absorption energy per hydrogen atom.
These results are given in Table IV.
As for Pd bulk, the PdH lattice constant contracts upon
including scalar relativistic corrections, even though the cor-
rection is a bit smaller ~about 1%!. The absorption energy
also decreases. Again the non-relativistic LDA lattice con-
stant is in very good agreement with experiments, but the
absorption energy is far off. As expected the relativistic cor-
rections in the Pd–H bonds are much smaller than in the
Pd–Pd bonds. Thus the fortunate cancellation between the
TABLE II. The cohesive energy (Ecoh), lattice constant (a lat) , and bulk
modulus (B0) for Pd from experiments and different levels of theory. The
values for the local density approximation ~LDA! and the generalized gra-
dient approximation ~GGA! are given both in the non-relativistic limit ~nr!
and including scalar relativistic corrections ~sr!. The calculated cohesive
energy is given with respect to a 4d105s0 Pd atom.
Experiment a
Ecoh @eV/atom#
3.89
a lat @a0#
7.35
B0 @Mbar#
1.81
nr sr nr sr nr sr
LDA 4.01 5.03 7.38 7.26 1.74 2.14
GGA 2.68 3.58 7.63 7.47 1.26 1.58
aFrom Ref. 33.
TABLE III. The binding energy (Eb), bond length (r0), and vibrational
frequency (n˜0) for the H2 molecule from experiment and two levels of
theory.
Experimenta
Eb @eV#
4.75
r0 @a0#
1.40
n˜0 @cm
21#
4395
LDA 4.84 1.44 4227
GGA 4.80 1.41 4359
aFrom Ref. 39., No. 22, 8 June 1997
license¬or¬copyright;¬see¬http://jcp.aip.org/about/rights_and_permissions
9288 Olsen et al.: Subsurface absorption of hydrogen on Pd
Downloatwo errors in LDA, the overbinding and neglect of relativis-
tic corrections, is no longer present for the absorption en-
ergy. We therefore see the usual overbinding associated with
LDA. The non-relativistic GGA seems to give better agree-
ment with experiments for the absorption energy than the
scalar relativistic GGA. But before drawing any conclusions
we should consider the effect of zero-point energies. The
zero-point energy in the octahedral site is about 0.10 eV44
and 0.13 eV per H atom in the hydrogen molecule. Thus the
non-relativistic GGA absorption energy moves to 0.25 eV
and the scalar relativistic GGA absorption energy moves to
0.14 eV. Both approximations must therefore be said to give
reasonable agreement with the experimental value. Looking
at the theoretical lattice constant, the scalar relativistic GGA
comes closer to the experimental value than the non-
relativistic GGA.
We have also calculated the lattice constant and absorp-
tion energy for two hypothetical compounds. The first is PdH
with H occupying one of the two tetrahedral sites ~see Fig. 1!
in the unit cell. The second is PdH2 with hydrogen in both
tetrahedral sites. The results are shown in Table V. We first
note that the GGA favors the tetrahedral site in PdH which is
at variance with experiments. This we can understand from
FIG. 1. A ~110! plane of the fcc lattice is shown. The large, filled circles are
the positions of the Pd atoms, the small, filled circles the octahedral sites,
and the small, open circles the tetrahedral sites. The filled square is one of
the S111 transition states and the open square is one of the S110 transition
states. Also the two directions ^111& and ^110& are indicated.
TABLE IV. The hydrogen absorption energy (Eabs) in the octahedral site of
Pd and the PdH lattice constant (a lat) from experiments and the two levels
of theory. The values for the local density approximation ~LDA! and the
generalized gradient approximation ~GGA! are given both in the non-
relativistic limit ~nr! and including scalar relativistic corrections ~sr!. The
absorption energy is found according to Eabs5Ecoh~PdH!2Ecoh~Pd!2
1
2Eb
~H2).
Experimenta
Eabs @eV/H atom#
0.2
a lat @a0#
7.73
nr sr nr sr
LDA 0.68 0.54 7.73 7.65
GGA 0.22 0.11 7.92 7.82
aFrom Ref. 44.J. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬Table II where we see that the GGA underestimates the bulk
modulus of Pd. The GGA therefore underestimates the en-
ergy it takes to expand the Pd lattice. Furthermore, the
smaller tetrahedral site is expected to have a higher zero-
point energy than the larger octahedral site, thus favoring
occupation of the octahedral site. The GGA shows PdH2 to
be unstable with respect to H2 in the gas phase, whereas
LDA predicts PdH2 to be a stable compound which is a
result of the usual overbinding. But as noted in Ref. 45, a
chemical potential shift could stabilize a PdH2 phase.
Next we go on to determine the potential barrier to dif-
fusion along two different paths. One is a path where the
hydrogen goes directly from one octahedral site to another
along the ^110& direction and passes what we will call the
S110 transition state ~see Fig. 1!. The other is an indirect path
from an octahedral to tetrahedral site along the ^111& direc-
tion and on to another octahedral site. Between the octahe-
dral and tetrahedral site the hydrogen passes the S111 transi-
tion state. Our reported potential barrier is the absorption
energy difference between the transition state and the octa-
hedral site. The results are shown in Table VI. In addition to
the values for the experimental lattice constant, values for
both the LDA and GGA optimized lattice constant are given.
From this three things are clear. Direct diffusion from one
octahedral site to another through the S110 transition state is
hindered by a large barrier. As also concluded by
others14,46–48 the diffusion path goes via the S111 transition
state and tetrahedral site. Further we see that the two DFT
TABLE V. The hydrogen absorption energy (Eabs) and lattice constant
(a lat) for PdH with hydrogen in the octahedral site ~O!, tetrahedral site ~T!,
and for PdH2 with both hydrogen atoms in the tetrahedral sites ~2T!. The
calculations include scalar relativistic corrections. The absorption energy for
O and T are found according to Eabs5Ecoh~PdH!2Ecoh~Pd!2
1
2Eb~H2) and
for 2T according to 2Eabs5Ecoh~PdH2)2Ecoh~Pd!2Eb~H2).
Eabs @eV/H atom# a lat @a0#
PdH ~O! PdH ~T! PdH2 ~2T! PdH ~O! PdH ~T! PdH2 ~2T!
LDA 0.54 0.52 0.31 7.65 7.84 8.28
GGA 0.11 0.20 20.05 7.82 8.02 8.45
TABLE VI. The potential barrier (Ebar) to diffusion through the two tran-
sition states ~TS! S110 and S111 . The values are given for the experimental
lattice constant (a lat57.73), the LDA optimized lattice constant
(a lat57.65), and the GGA optimized lattice constant (a lat57.82). The cal-
culations include scalar relativistic corrections. The potential barrier is the
difference between the adsorption energy of a hydrogen on the given tran-
sition state and the absorption energy of a hydrogen in the octahedral site.
The activation energy for diffusion in palladium hydride has been measured
to be 230–300 meV ~Refs. 43,44,49–52!.
a lat @a0# TS Ebar , LDA @eV# Ebar , GGA @eV#
7.73 S110 1.23 1.19
S111 0.23 0.22
7.65 S110 1.37 1.33
S111 0.30 0.28
7.82 S110 1.08 1.04
S111 0.16 0.15, No. 22, 8 June 1997
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Downloaapproximations give almost the same barrier for a chosen
lattice constant. Finally, we see that the theoretical barrier is
strongly dependent on the chosen lattice constant. We have
performed some additional calculations where we change the
lattice constant from 7.2 to 8.0 a0, and we see that the GGA
diffusion barrier drops from 0.76 to 0.04 eV ~scalar relativ-
istic corrections are included!.
From Table VI we see that the theoretical barrier for
diffusion through the S111 transition state and tetrahedral site
compares very favorably with experiments, as the activation
energy for diffusion in palladium hydride has been measured
to be 230–300 meV.43,44,49–52
III. THE DFT PESs FOR H2/Pd(111)
A. Approximations and convergence
The 2D PES we present here is for H2 dissociating above
a bridge site into the surface threefold hollow sites and the
subsurface sites directly below these. This geometry is
shown in Fig. 2. The geometry employed allows the atoms to
follow the atomic diffusion path in the bulk in the sense that
both H atoms can pass the S111 transition states on the way to
the subsurface sites. The two degrees of freedom treated are
the hydrogen molecule’s bond distance, r , and the distance
of the center of mass to the surface, Z . Z is taken positive
above the surface and negative below the surface. The center
of mass is always kept above/below the bridge site and the
bond axis is kept parallel to the surface plane.
We have chosen a 232 surface unit cell to model the
dissociation process. Comparison of the binding energy of
the hydrogen molecule within a bare 232 overlayer and that
of a single H2 molecule shows direct interactions between
the molecules to be present only for bond distances larger
than 5.5–6.0 a0. And as is seen from experiments,53 the ad-
FIG. 2. The slab geometry used in the calculations of the PES. The 232
surface unit cell is marked by the solid lines. The two small white discs
represent the hydrogen atoms. The bold letters F, B, and H designate the fcc,
bridge, and hcp sites, respectively. Directly below the fcc site is in the
surface plane the S111 transition state, and between the first and second
layers the subsurface octahedral site. Directly below the hcp site is in the
surface plane another S111 transition state, and between the first and second
layers the subsurface tetrahedral site.J. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬sorption energy remains constant up to about a half mono-
layer coverage. With our choice of surface unit cell we are
therefore describing a dissociation event in the low coverage
limit. A similar finding was obtained in a study by Wilke and
Scheffler on the analogous H21Pd~100! system.54 Further
we have done the calculations on a 3 layer slab with the
H2 on one side. For adsorption geometries only including
surface sites, already a 2 layer slab gives good
results.16,31,55,56 As is seen from Fig. 3 in Ref. 16 the 2 layer
calculations also give quite good results for subsurface sites.
The same figure also shows that the 3 layer slab gives almost
identical results for all adsorption geometries compared to
the 5 layer slab. Our choice of a 3 layer slab should therefore
provide fairly accurate results.
The basis set from Table I used in the bulk calculations
makes our slab calculations rather expensive. But test calcu-
lations on a slab with a A33A3 surface unit cell and 2 layers
show that we can remove some of the Pd basis function
without giving up too much in accuracy. Four different Pd
basis sets, shown in Table VII, have been used to calculate
the adsorption energy for three different geometries. The hy-
drogen basis functions are the same as in Table I. All the
geometries have the hydrogen molecule’s center of mass
above the bridge site. The first, a, has a 1.55 a0 H2 bond
length with the center of mass 4.4 a0 above the surface. The
second, b, place both hydrogens on the S111 transition states
shown in Fig. 2. The third, c, is with one of the hydrogens in
the hcp site and the other in the octahedral subsurface site.
As is seen from Tables VII and VIII we introduce an error of
TABLE VII. The four Pd basis sets used in the test calculations. STO is a
Slater-type orbital with the given exponent. All the four basis sets contain
4s , 4p , 4d , and 5s numerical atomic orbitals obtained from a Herman–
Skillman type calculation ~Ref. 21!.
Basis 4s 4p 4d 5s 5p 4 f
1 STO no no 1.5 1.8 1.8 no
2 STO 3.9 2.7 1.5 1.8 1.8 no
3 STO no no 1.5 1.8 1.8 1.5
4 STO 3.9 2.7 1.5 1.8 1.8 1.5
TABLE VIII. The adsorption energy (Eads) on a 2 layer slab with a
A33A3 surface unit cell. The basis sets are given in Table VII and the H
positions in the text. The adsorption energy is relative to two free hydrogen
atoms and a bare Pd slab.
H positions Basis Eads , LDA @eV# Eads , GGA @eV#
a 1 5.11 4.72
2 5.10 4.72
3 5.10 4.71
4 5.10 4.71
b 1 5.57 4.31
2 5.60 4.34
3 5.60 4.32
4 5.63 4.36
c 1 6.19 4.99
2 6.20 5.00
3 6.21 5.01
4 6.22 5.02, No. 22, 8 June 1997
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Downloa0.06 eV in the adsorption energy by dropping the 4s , 4p ,
and 4 f STOs from the bulk basis set. For bulk Pd, this
smaller basis set gives a cohesive energy of 3.43 eV, an
optimized lattice constant of 7.52 a0, and a bulk modulus of
1.50 Mbar in the GGA approximation. Comparing these
numbers with Table II, we see that the cohesive energy drops
by 0.15 eV with the smaller basis set. Thus quantities that
depend directly on the total energies are more affected than
quantities that depend on differences between them. We also
note that the optimized lattice constant changes very little. In
our PES calculations we therefore will use the Pd basis set
labelled 1 in Table VII.
Two more choices are to be made: Which lattice con-
stant should we use for the slab? And should we include
scalar relativistic corrections? As is seen from Table IV the
differences between the non-relativistic and scalar relativistic
absorption energy are small, only 0.1 eV. But the overall
agreement with experiments is better for the scalar relativis-
tic values, especially for the lattice constant and the bulk
modulus, as show in Table II and IV. Since there is little or
no extra computational effort demanded to include scalar
relativistic corrections, this is the level of theory we select.
Further we choose to work with the experimental Pd lattice
constant, a lat57.35 a0. This will make it easier if other
groups using other methods or levels of theory want to com-
pare their results to ours. That this is desirable is clear from
the debate over the barrier height in the H2/Cu~100!
system.31,57,58
To help the self-consistent convergence the occupation
numbers have been found according to a Fermi-function dis-
tribution with kBT50.08 eV. From this the total energies are
extrapolated to zero electronic temperature.59 The real space
integration has been carried out with the ‘‘accint’’
parameter17 set to 4.5. This gives an error of about 0.01 eV
in the adsorption energy, as has been verified by increasing
the ‘‘accint’’ for a few typical geometries. The k-space inte-
gration was done with the ‘‘kspace’’ parameter17 set to 3.
This gives 6 symmetry unique points in the irreducible
wedge of the first surface Brillouin zone ~SBZ!. By calculat-
ing the adsorption energy for a few typical geometries with
the ‘‘kspace’’ parameter set to 5, corresponding to 23 sym-
metry unique points in the SBZ, the largest errors were found
to be about 0.06 eV. The low number of points needed in the
SBZ to obtain good results is a result of the accurate qua-
dratic tetrahedron method23 used in the k-space integration.
With the parameters used, the energies constituting the
PES should be converged to within 0.1 eV of the LDA and
GGA limits for the H2/Pd~111! system.
B. The LDA and GGA PESs for H2 on Pd(111)
Both PESs were initially calculated with 58 points span-
ning the region 0.7,r,5.0 a0 and 22.5,Z,5.0 a0. Bicu-
bic splines were fitted to the points using the E02ZAF,
E02DAF, and E02DEF routines in the NAG library. After lo-
cating the saddle point 8 more points were added in this
region and the splines refitted. The results are shown in Fig.
3. Apart from the entrance channel, the shapes of the PESsJ. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬are similar. Both PESs have the subsurface minimum and
saddle point located at r53.3 and Z521.1 a0 and r53.2
and Z520.2 a0, respectively. The depth of the subsurface
well is 24.18 eV for the GGA and 25.50 eV for the LDA
~measured with respect to two free hydrogen atoms and a
bare Pd slab!. The corresponding numbers for the saddle
point are 23.91 and 25.21 eV. The surface minimum is a
bit shifted going from the GGA PES to the LDA PES, but
not by much. The GGA surface minimum lies at r53.5 and
Z51.7 a0 with a depth of 25.45 eV, the LDA minimum at
r53.4 and Z51.6 a0 with a depth of 26.60 eV. The dis-
tance between the hcp and fcc site is 3.0 a0. Thus the LDA
and GGA surface minimum lie very close to a configuration
with one H atom in the fcc site and the other in the hcp site.
The result of summing the calculated atomic adsorption en-
ergy from Ref. 16 for one hcp site and one fcc site makes this
FIG. 3. Contour plots of the GGA ~a! and LDA ~b! PESs. The contour
spacing is 0.3 eV and the energies are relative to two free hydrogen atoms
and a bare Pd slab. For the GGA PES the surface minimum lies at r53.5
and Z51.7 a0 with a depth of 25.45 eV, the saddle point at r53.2 and
Z520.2 a0 with an energy of 23.91 eV, and the subsurface minimum at
r53.3 and Z521.1 a0 with a depth of 24.18 eV. For the LDA PES the
surface minimum lies at r53.4 and Z51.6 a0 with a depth of 26.60 eV,
the saddle point at r53.2 and Z520.2 a0 with an energy of 25.21 eV, and
the subsurface minimum at r53.3 and Z521.1 a0 with a depth of
25.50 eV., No. 22, 8 June 1997
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Downloaconfiguration stable by 0.75 eV compared to the bottom of
the H2 potential. In our GGA PES, the adsorption minimum
referred to above is stable by only 0.65 eV. The 0.1 eV lower
adsorption energy and the larger H2 bond distance can be
understood from the repulsion between the two H atoms ~oc-
cupying nearest neighbour hcp and fcc sites, the adsorbates
come closer together than they would prefer!. The theoretical
results of Ref. 16 agree well with the experimental results of
Refs. 7 and 53, and therefore we conclude that the same
holds for our GGA surface minimum. The LDA overbinds as
usual, the adsorption minimum being stable by 1.8 eV rela-
tive to the bottom of the H2 potential.
The GGA barrier to direct subsurface absorption lies 0.9
eV above the bottom of the H2 potential. This barrier has not
been directly measured, but we can make a comparison with
experiments based on the following arguments. The top of
our GGA barrier corresponds to the two hydrogen atoms
sitting on two S111 transition states in the first Pd layer. We
might therefore expect it to be comparable in energy to a
configuration with two hydrogen atoms simultaneously occu-
pying two S111 transition states in the bulk. We thus need to
know the energetic position of this configuration relative to
the bottom of the H2 potential. Using the experimental ab-
sorption energy of 0.2 eV per H atom for the hydride,44 an
energy of 0.4 eV is gained in dissociating a hydrogen mol-
ecule and putting it inside Pd. The simultaneous diffusion of
two H atoms in the hydride is activated by 460–600
meV.43,44,49–52 Thus the energy needed by a hydrogen mol-
ecule to dissociate and push both of its atoms across the bulk
diffusion barrier in Pd is about 0.06–0.2 eV, where this num-
ber is relative to the ground vibrational state of the molecule.
Including the 0.26 eV zero-point energy of the H2 molecule,
this puts the geometry with two H atoms on top of the bulk
diffusion barrier about 0.32–0.46 eV higher in energy than
the bottom of the H2 potential. If we compare our 0.9 eV
GGA barrier for direct subsurface absorption directly to this
number, we find our result to be about 0.5 eV too high.
However, as was seen in Section II C the calculated bulk
diffusion barrier was strongly dependent on the chosen lat-
tice constant. This suggests that lattice vibrations play a role
in the bulk diffusion process. In comparing our GGA barrier
for direct subsurface absorption to experimental values, we
should therefore allow for the effects of surface vibrations on
the GGA barrier. As is seen from Fig. 4 the GGA barrier
depends strongly on a coordinate that can be associated with
a local surface vibrational mode. The barrier drops by as
much as 0.5 eV for a displacement by 2% of the lattice
constant. Including this effect gives a GGA barrier of about
0.4 eV which compares favorably with the 0.32–0.46 eV
bulk diffusion barrier we estimated above. We therefore be-
lieve that the 0.9 eV GGA barrier for direct subsurface ab-
sorption being too high when compared to the bulk diffusion
barrier is not due to the GGA approximation, but a result of
the reduced dimensionality in our PES.
While the GGA barrier which we have calculated for a
static lattice may be correct, the LDA result ~about 0.4 eV
lower than the bottom of the H2 potential! should definitelyJ. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬be wrong. This can be attributed to the well-known
overbinding of the LDA.
The subsurface minimum corresponds to one of the H
atoms sitting close to the subsurface tetrahedral site and the
other shifted about 1.0 a0 above the subsurface octahedral
site. The LDA value is stable by about 0.7 eV compared to
the bottom of the H2 potential, whereas the GGA is unstable
by about 0.6 eV. This indicates a shortcoming of our 2D
adsorption/absorption geometries. Experimentally the H at-
oms on the surface are known to occupy the fcc sites.7 Re-
stricting ourselves to two degrees of freedom and dissocia-
tion above a bridge site means that the two hydrogen atoms
move towards different surface sites, the fcc site and the hcp
site. This we do not consider a serious shortcoming of our
model. After dissociating, enough kinetic energy will be
available for the H atoms to move on to other surface sites.
But as seen above, restricting both atoms to move subsurface
is not very favorable. It would therefore have been desirable
to include an angular degree of freedom and allow the pos-
sibility of only one hydrogen atom moving subsurface.
Comparing the entrance channel of the GGA and the
LDA PES we see a large difference. As is seen from Table
III both approximations get the binding energy of the H2
molecule right. However, the LDA surface minimum is too
deep by about 1.1 eV, resulting in a much steeper descent
from the gas phase into the surface minimum. The overbind-
ing of the LDA cannot be overcome by a constant shift in the
energy: This would result in an erroneous gas phase H2 po-
tential. The LDA gets the shape of the PES wrong, as is seen
even clearer in calculations on H21Cu~100!31,57 and on
H21Cu~111!.27
We conclude this section with a short remark on what
appears to be a barrier in the entrance channel of the GGA
PES. The height of this barrier is only about 0.05 eV and
below the 0.1 eV accuracy of our calculations. To increase
the accuracy to a level needed for determining whether this
barrier is real or a result of inaccuracies is at the moment too
computationally demanding.
FIG. 4. The dependence of the GGA barrier height (EB) on a coordinate
that can be associated with a local surface vibrational mode. The barrier
height is given relative to the bottom of the H2 potential. The displacement
of the Pd atoms in the 232 surface unit cell is shown in the inset. All four
surface Pd atoms are displaced an equal distance (q). The curve through the
data points is meant as a guide for the eye., No. 22, 8 June 1997
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DownloaIV. DYNAMICS OF DIRECT SUBSURFACE
ABSORPTION
A. Propagation of the wave packet
The 2D Hamiltonian, Hˆ , describing an H2 molecule dis-
sociating towards the surface hollow sites on a static surface
with its center of mass above the bridge site and its axis
parallel to the surface plane is given by
Hˆ 52
1
2M
]2
]Z2 2
1
2m
]2
]r2
1V~Z ,r !. ~1!
The total and reduced mass of the molecule are denoted by
M and m , respectively, and V(Z ,r) is the interaction poten-
tial, which we will discuss more closely in Section IV C. The
initial wave function is chosen to be a product of a vibra-
tional eigenfunction of the hydrogen molecule, xn(r), and a
superposition of free particle eigenstates in Z ,
C~Z ,r ,t0!5xn~r !E dkzb~kz! 1A2p exp~ ikzZ !. ~2!
The momentum distribution function, b(kz), has a Gaussian
shape and is given by
b~kz!5S 2z2p D
1/4
exp@2~kz02kz!
2z21i~kz02kz!Z0# .
~3!
This gives an initial wave function centered on Z0 with its
average translational momentum in the Z direction given by
kz0. The width of the momentum distribution is determined
by z .
The time propagation is done by expanding the time
evolution operator according to the Chebyshev technique60
with a time step of 100 a.u. ~2.4 fs!. The wave function is
represented on a grid spanning the region 26.0,Z,18.0
a0 and 0.2,r,9.2 a0 with 320 and 90 points in the Z and
r directions, respectively. The kinetic energy part of the
Hamiltonian is obtained by the fast Fourier transform ~FFT!
technique.61,62 To avoid artificial reflection from the grid
boundaries optical potentials have been used to absorb the
outgoing wave function. They cover the regions
26.0,Z,21.1 a0, 12.1,Z,18.0 a0, and 5.0,r,9.2 a0
and have a quadratic form.63 The optical potential in the
region 26.0,Z,21.1 a0 is a bit unusual, but it is needed
to absorb the outgoing wave function leaving the subsurface
region. Additional comments can be found in Section IV C.
Further we have kept the grid small in the Z direction by the
use of the projection operator formalism of Neuhauser and
Baer64 to bring the initial wave packet in on a separate, one-
dimensional grid.
B. Flux analysis
We want to find the probability for the H2 molecule
ending up below the surface. Since there also exists a surface
exit channel, the subsurface probability cannot be found by
analyzing the wave function reflected back to the gas phase.
But the technique of analyzing the flux65,66 through a cut at a
constant value of Z will give us the desired subsurface prob-J. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬ability. With this technique we also take advantage of the
initial wave function containing a distribution of translational
energies in the Z direction.
Integrating the quantum mechanical probability current
along a line Z5Zcut and placing this line below the surface
give us the probability for going subsurface
P5
1
M ImE drdtC*~Zcut ,r ,t ! ]C]Z ~Z ,r ,t !uZ5Zcut. ~4!
The wave function can at any time be expanded in stationary
scattering states67 as
C~Z ,r ,t !5E dkzb~kz!exp~2iHˆ t !C1~kzuZ ,r !. ~5!
Inserting Eq. ~5! in Eq. ~4! and following Ref. 68 we have
P5E dkzub~kz!u2Pe~kz!, ~6!
where Pe(kz) is the energy resolved subsurface probability
given by
Pe~kz!5
2p
ukzu
ImE drC1*~kzuZcut ,r ! ]C1]Z ~kzuZ ,r !uZ5Zcut.
~7!
The stationary scattering states and their derivatives are
needed in order to calculate the energy resolved subsurface
probability in Eq. ~7! and are found by inverting Eq. ~5! as in
Ref. 68,
C1~kzuZ ,r !5
ukzu
2pMb~kz!
E dt exp~ iEt !C~Z ,r ,t !, ~8a!
]C1
]Z ~kzuZ ,r !5
ukzu
2pMb~kz!
E dt exp~ iEt ! ]C]Z ~Z ,r ,t !. ~8b!
The way to calculate these scattering states through the
Chebyshev expansion is briefly outlined in Ref. 65 and is
given a more thorough treatment in Ref. 68. The derivative
of the time dependent wave function in Eq. ~8b! is obtained
by using the FFT technique. It is important to note that the
scattering states and their derivatives are not needed on the
whole grid. As can be seen from Eq. ~7! we only need the
values on the line Z5Zcut to obtain the subsurface probabil-
ity. The integrals over time in Eq. ~8! are evaluated using a
numerical quadrature with equal spacing, where the time in-
terval used has to be smaller than the time step employed in
the Chebyshev expansion. This is straightforward, because
results at intermediate times can be obtained using the time
dependent Chebyshev coefficients, and hence no extra
Hamiltonian operations are required.68,69
C. The PES used in the dynamics
From the arguments in Section III B it is clear that the
LDA PES does not model the dissociation process very well,
thus it is no use employing this PES in the dynamical calcu-
lations. On the other hand the GGA PES seems to give a, No. 22, 8 June 1997
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Downloagood description of a dissociation event, but the spline fitted
PES is not defined on a large enough grid to be used in the
dynamics. This is easily remedied.
For Zspmax55.0 a0 the GGA PES has almost reached the
asymptotic values of a free hydrogen molecule. To enable
extrapolation to large Z , the gas phase H2 GGA potential is
fitted ~in the region r50.7–2.9 a0) to a modified Rydberg
form
VH2~r !52De3~1.01a1r1a2r
21a3r
3!exp~2a4r!,
~9!
where r5r2r0. The fitting parameters are given in Table
IX. At large Z , the spline fitted PES, Vspline(Z ,r), is then
made to go smoothly over into the gas phase H2 potential by
the use of a switching function:
V~Z ,r !5Vspline~Z ,r !, Z<Zspmax ,
V~Z ,r !5 f switch~Z !Vspline~Zspmax ,r !1~12 f switch~Z !!VH2~r !,
Zspmax,Z,Zspmax1Zswitch ,
V~Z ,r !5VH2~r !, Z>Zspmax1Zswitch . ~10!
The switching function is given by
f switch~Z !5
1
2 1
1
2cos~x!, x5
~Z2Zspmax!p
Zswitch
, ~11!
where Zswitch51.75 a0.
From Fig. 3~a! we see that there is no barrierless exit
channel from the subsurface minimum. This will result in
most of the wave function entering this region being re-
flected back towards the surface. Since we do not believe this
to be a physical effect, but rather a shortcoming of our 2D
model, we make the assumption that, once Z,21.1 a0, the
molecule is absorbed subsurface and can no longer be re-
flected back to the surface or the gas phase. This is done by
making the PES equal to its values along the line Z521.1
a0 for all geometries below this line. Furthermore, as men-
tioned in Section IV A an optical potential is used in the
region 26.0,Z,21.1 a0 to absorb the wave function and
to avoid it reaching the Z526.0 a0 boundary of the grid.
Physical reasoning can be used to justify the above as-
sumption. After the hydrogen atoms have entered the subsur-
face region a number of things may happen. The surface
might to some extent relax outwards and make the subsur-
face sites energetically more favorable, as is suggested by the
timescale arguments in Ref. 15. The atom above the octahe-
dral site will probably move closer to this site. And it is
likely that the hydrogen atom close to the tetrahedral site will
TABLE IX. The parameters used in the modified Rydberg potential.
De @eV# 4.794
r0 @a0# 1.410
a1 @a0
21# 2.189
a2 @a0
22# 1.400
a3 @a0
23# 0.688
a4 @a0
21# 2.179J. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬use some of its kinetic energy to move on to another octahe-
dral site. To be able to explore the last two possibilities, the
hydrogen molecule needs to make use of all its six molecular
degrees of freedom. Including an optical potential to absorb
the wave function once Z,21.1 a0 is thus a way of includ-
ing the degrees of freedom we neglect, making the assump-
tion that the result of the motion in these degrees of freedom
is that the molecule will not be reflected back to the gas
phase. A similar assumption is usually made in 2D wave
packet calculations on dissociative adsorption, where an op-
tical potential is applied to remove the wave function once it
arrives at the first adsorption minimum. This way, any ~par-
tial! reflection that might result from further outward motion
in r ~due to periodic sampling of the less favorable atomic
adsorption sites! is neglected.
Finally we need the potential for large values of r . In a
similar vein as above we choose to make the potential equal
to the values on the line r55.0 a0 for all geometries with
larger values of r .
The resulting PES is shown in Fig. 5. This is the inter-
action potential, V(Z ,r), that goes into the Hamiltonian of
Eq. ~1!. What is important to note is that the barrier region of
Fig. 3~a! is unaltered in Fig. 5. The shape and the height of
this barrier will be determining the direct subsurface absorp-
tion probability.
D. The direct subsurface absorption probability
To obtain results for a large range of translational ener-
gies, three separate wave packet calculations were performed
for scattering of H2 in its n50 ~vibrational ground! state,
employing different values kZ0 and z . For scattering of H2 in
its n51 state four different calculations were done. Each
FIG. 5. Contour plot of the GGA PES used in the dynamics. The contours
are at 2 5.3, 2 5.0, 2 4.7, 2 4.1, 2 3.5, 2 2.6, 2 1.2, 0.4, and 3.4 eV and
the energies are relative to two free hydrogen atoms and a bare Pd slab. The
thick, solid curve shows the calculated reaction path., No. 22, 8 June 1997
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Downloawave packet was propagated for 30 000 a.u. ~0.73 ps! with
the wave function initially centered on Z0515.0 a0. The flux
analysis presented in Section IV B was performed with
Zcut521.1 a0. By changing all parameters that influence the
subsurface absorption probability convergence to within a
probability of 0.02 was verified. Due to the presence of reso-
nances, which we have not analysed here, a small residual
norm was left on the grid after a propagation time of 30 000
a.u. ~0.73 ps!, but this does not change the results on the
accuracy level we report.
The results in Fig. 6 show that the subsurface absorption
probability remains negligible until a translational energy of
about 0.75 eV for H2 in its vibrational ground state. The
energetic threshold of 0.75 eV is appreciably lower than the
barrier of 0.9 eV. This will be explained below. Further we
see that the probability shows a lot of structure indicating a
rather complicated dynamical picture. Since we only are in-
terested in the possibility for direct subsurface absorption in
this study, no attempt has been made to analyze this structure
within the framework of resonances. The probability rises
slowly with increasing translational energy and does not pass
25% until the collision energy is approximately 1.6 eV.
Exciting the molecular bond by one quantum increases
the probability of the hydrogen atoms going subsurface, with
the onset of subsurface absorption occurring around 0.24 eV.
The downshift of the energetic threshold for the n51 curve
compared to the n50 curve in Fig. 6 corresponds exactly to
the 0.51 eV energy of the vibrational quantum. Thus vibra-
tional excitation is very effective in promoting subsurface
absorption in this system. For molecular dissociation into
surface channels we already know that vibrational excitation
can enhance the dissociation probability ~see, e.g., Refs. 70,
71 and references therein!. In 2D calculations on activated
dissociative chemisorption,72–75 the ideas of a reaction path
and vibrational adiabatic potentials have proven to be a con-
venient tool for explaining this effect. The PES we are con-
sidering has two exit channels and is therefore qualitatively
different from the so-called elbow potentials, but we will still
borrow the main ideas to explain why the energetic threshold
FIG. 6. The direct subsurface probability (Pe) for different initial transla-
tional energies (E trans). Results for H2 in the vibrational ground state
(n50) and first excited state (n51) are shown. The arrow indicates the
peak for which the stationary scattering state of Fig. 7 has been plotted.J. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬is lower than the barrier for the n50 curve in Fig. 6 and why
vibrational excitation is so efficient in promoting subsurface
absorption.
In Fig. 5 the calculated reaction path is shown together
with the PES. The ground state vibrational energy associated
with the motion perpendicular to the reaction path is 0.26 eV
far out in the entrance channel, which is nothing but the
zero-point energy of the H2 molecule. The vibrational energy
of the first excited state is 0.77 eV. The two corresponding
energies for the motion perpendicular to the reaction path on
the top of the barrier are 0.14 and 0.41 eV. Thus the reduc-
tion in zero-point energy from 0.26 to 0.14 eV helps to ex-
plain why the subsurface absorption begins at 0.75 eV in-
stead of closer to the barrier height value of 0.9 eV for the
n50 subsurface absorption curve in Fig. 6.
The reduction in the first excited state energy from 0.77
to 0.41 eV is not enough to explain the large shift towards
lower translational energies for the n51 subsurface absorp-
tion curve in Fig. 6. To aid our understanding we have plot-
ted the real part of the stationary scattering state,
C1(kzuZ ,r), responsible for the first peak in this curve in
Fig. 7. In this plot we see there is no nodal structure left
perpendicular to the reaction path for Z on and below the
saddle point. This shows very clearly that the wave packet
de-excites to the ground vibrational state upon climbing and
passing the barrier. The wave function has thence converted
0.7720.1450.63 eV from vibrational to translational energy
and the 0.9 eV barrier is effectively reduced to 0.27 eV,
which is very close to the 0.24 eV onset of subsurface ab-
FIG. 7. Contour plot of the real part of the stationary scattering state,
C1(kzuZ ,r). It is plotted for the translational energy kz2/2M50.24 eV and
n51. This corresponds to the first peak in the subsurface absorption prob-
ability for the n51 curve in Fig. 6. The two straight lines in the plot
indicate the position of the top of the barrier, Z520.2 a0. Two contour
lines are shown in the plot, one for a negative value of the real part of the
stationary scattering state ~dashed line!, the other for the same absolute
value, but positive ~solid line!. The thick, solid curve is the calculated reac-
tion path., No. 22, 8 June 1997
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Downloasorption for the n51 curve. The large decrease in the ener-
getic threshold for direct subsurface absorption is therefore
due to vibrational de-excitation, and not to an adiabatic re-
duction of the energy of motion perpendicular to the reaction
path as the path is climbed.
V. CONCLUSIONS
In the experimental work by Gdowski, Stulen, and
Felter6 on the Pd~111! surface, they claim to find evidence
that a hydrogen or deuterium molecule can dissociate and
directly absorb into the bulk, without equilibrating in the
chemisorption state. Our goal has been to describe this pro-
cess theoretically. To do this we have used density functional
theory ~DFT! within both the local density approximation
~LDA! and generalized gradient approximation ~GGA! to
calculate a two-dimensional ~2D! potential energy surface
~PES! for H2 on Pd~111!. On this PES we have performed
quantum mechanical wave packet calculations to find the
probability for direct subsurface absorption. Several conclu-
sions can be drawn from this study.
We have seen that the LDA overestimates the binding
energy between hydrogen and palladium, both for bulk and
surface sites. This overbinding is not present in the H2 mol-
ecule, and therefore the LDA gets the shape of the PES for
H21Pd~111! wrong. The GGA performs better, as the GGA
values for the adsorption and absorption energy and the bulk
diffusion barrier compare favorably with experiments. The
GGA PES shows a large barrier, about 0.9 eV above the
bottom of the H2 potential, to subsurface penetration. This
means direct subsurface absorption does not occur before the
translational energy of a H2 molecule in its ground vibra-
tional state reaches about 0.75 eV. Thus our 2D model can-
not account for the experimental evidence for direct subsur-
face absorption given in Ref. 6. However, we believe that
this is not due to the GGA approximation, but a result of the
reduced dimensionality of the PES. We have shown that the
GGA barrier drops from 0.9 eV above the bottom of the
H2 potential to 0.4 eV when displacing the surface Pd atoms
by 2% of the lattice constant. Including in our PES a coor-
dinate that can be associated with a local surface vibrational
mode would therefore be desirable. Whether this surface co-
ordinate must be given a full dynamical treatment or can be
included through a sudden approximation remains to be seen.
Work along these lines is in progress.
Our 2D model restricts the atoms in the hydrogen mol-
ecule either both to end up in the surface adsorption sites or
both to go subsurface. Lifting this restriction by introducing
an angular degree of freedom in the PES would therefore
also be interesting. Then the possibility of only one of the
atoms in the molecule ending up below the surface could be
explored. Preliminary work in this direction suggests that the
minimum barrier to direct subsurface absorption would then
be less than 0.1 eV.
The quantum mechanical wave packet calculations on
the PES showed that vibrationally exciting the H2 molecule
was very effective in promoting direct subsurface absorption.
The whole vibrational quantum was made available forJ. Chem. Phys., Vol. 106
ded¬16¬Apr¬2011¬to¬130.37.129.78.¬Redistribution¬subject¬to¬AIP¬climbing the barrier. A plot of the stationary scattering state
showed very clearly how the vibrationally excited initial
wave function de-excited to the ground vibrational state
upon climbing and passing the barrier.
The results of our bulk calculations showed that scalar
relativistic corrections are important to the accurate calcula-
tion of the cohesive energy and the bulk modulus for Pd. The
calculated lattice constant was less influenced by these cor-
rections, changing by only about 2%. The corrections for the
hydrogen absorption energy in Pd bulk were also rather
small, about 0.1 eV. But because the overall agreement with
experiments was better when including scalar relativistic cor-
rections, and these corrections can be computed with little
expense, they were included in the calculations of the LDA
and GGA 2D PES for H2 1 Pd~111!.
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